-V O € defect complexes with a dipole moment P D parallel to the spontaneous polarization P s , instead of dimeric Cu Nb -V O €defect complexes. This kind of special defect structure is also different from that observed in conventional Pb-based perovskite ferroelectrics in which only dimeric Cu Ti 00 -V O €defect dipoles were observed. Finally, the influence of the defect complexes on the macroscopic properties was specially discussed by taking into account the interaction between P s and P D .
Published under license by AIP Publishing. https://doi.org/10.1063/1.5088397 (Na 0.5 K 0.5 )NbO 3 (NKN) based lead-free ferroelectric ceramics have attracted much attention due to their relatively high Curie temperature and good piezoelectric properties. For high-power applications, their ferro/piezo-electric properties can be tailored by adding acceptor transition metal ions, which usually induce negatively charged defects (i.e., impurity defects) and positively charged defects (i.e., oxygen vacancy, V O €). It has been well accepted that these defects are either isolated or form defect dipoles between impurities and oxygen vacancies. [1] [2] [3] For isolated defects, the impurity defect is far away from V O €; thus, there is no strong interaction between them. As a result, V O €should be most mobile and tend to migrate within domain walls as an ionic charge barrier to compensate the polarization charges. [4] [5] [6] However, once the impurity defect and the V O €are close to each other, they tend to form the defect dipole. The first principles calculation has proposed that the defect complex should be more stable owing to its lower formation energy. [7] [8] [9] [10] [11] The defect complex is believed to cooperatively align along the direction of spontaneous polarization (P s ) and to act as the pinning centers to inhibit domain switching.
Despite the importance of defects, it is still not clear how exact the coordination sphere around the defect center is and how it influences the macroscopic ferro-/piezoelectric properties. The defect structure around the impurity ions, such as Cu 2þ , Fe 3þ , and Mn 2þ in perovskite-structured ferroelectrics, was widely investigated using electron paramagnetic resonance (EPR) spectroscopy, [12] [13] [14] [15] [16] [17] [18] through which different charge compensation mechanisms between titanates and alkali niobates were found to result in diverse defect structures. However, EPR is only sensitive to paramagnetic ions with unoccupied electrons and thus shows a limitation under the condition that the valence state and local structure of the ions in the host center were changed after doping 19 because it cannot distinguish whether the defect structure or the local host structure induces the change of macroscopic properties. In addition, as far as alkaline niobates are concerned, only low-temperature EPR data in literature studies so far can be reviewed. 12, 17 These data cannot precisely identify the actual local defect structure considering that NKN undergoes a successive polymorphic phase transition during heating/cooling. In contrast, the xray absorption fine structure (XAFS) measurement can directly probe the local coordination environment around the absorption atom and has been widely used for titanates and ferrites [19] [20] [21] [22] [23] [24] but rarely reported in niobates. 25, 26 In this paper, the valence state and the site occupation of the Cu atoms in 1 mol. % CuO doped (NKNC) were investigated by means of extended XAFS (EXAFS) and near-edge XAFS (x-ray absorption nearedge structure, XANES) spectra. The results indicate that divalent Cu ions should be incorporated at the octahedrally coordinated Nb sites, forming the bent V O €-Cu Nb 000 -V O € defect complex with a net dipole moment P D parallel to P s . The influence of the defect complex on the macroscopic performances was also discussed by taking into account the interaction between P s and P D .
Undoped NKN and NKNC ceramics were fabricated by a conventional solid state route, as described elsewhere. 3 The crystalline structure was examined using an x-ray diffractometer (XRD, D/MAX2500VL/PC, Rigaku, Japan) using Cu Ka radiation. The structure refinement was carried out using GSAS software. 27 Two samples can be well described by orthorhombic phase with Amm2 symmetry, and no obvious lattice parameters change can be observed (see Fig. S1 and Table S1 ). XANES and EXAFS spectra were recorded with a beamline 01C1 at the National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The Cu K-edge absorption spectra were recorded by the fluorescence yield mode using a Lytl1 detector. The Nb K-edge absorption spectra were recorded in the transmission mode. The k 3 -weighted magnitudes in the R space were derived from the Fourier transformation (FT) over the k range of 2-14.5 Å À1 for both the Nb K-and Cu K-edges by using Athena software. Scattering paths were determined by the FEFF 6 code. 28 Fitting was performed in the R range 0.8-2.5 Å using the Artemis program of the IFEFFIT package based on the multiple scattering theory. The XANES spectrum of O K-edge was measured at a beam line 20 A high-energy spherical grating monochromator (HSGM) at the NSRRC, Hsinchu, Taiwan. The spectra were recorded in the total-electron-yield mode and normalized for comparison. The polarization versus electric field (P-E) hysteresis loops were measured at 10 Hz using a ferroelectric testing system (Precision Multiferroic, Radiant Technologies Inc., Albuquerque, NM). The Cu 2p binding energy was recorded by X-ray photoelectron spectroscopy (XPS, PHI 5802, Physical Electronic Inc., USA).
The Cu K-edge XANES spectra of the NKNC sample together with the reference samples of Cu 2 O and CuO are shown in Fig. 1 . Two features labeled as A and B corresponding to the transition from 1s states to axial and planar 4p states, respectively, 29, 30 can be observed in all samples. It is found that the peak positions of features A and B show a distinct shift towards high energies as the valence of Cu ions increases because the core level becomes more tightly bound in higher valence states. As shown in Fig. 1 , the energy shifts of features A and B from Cu 2 O to CuO are 3.9 eV and 1.8 eV, respectively, which were believed to be associated with the valence state change from Cu 1þ to Cu 2þ . 31, 32 Very interestingly, the peaks A and B in the XANES spectrum of NKNC are located at the same positions as the corresponding peaks in the spectrum of CuO, indicating that only Cu 2þ ions should exist in the NKNC sample, instead of any Cu 1þ or the mixed valences. The XPS result also indicates that no mixed valence states can be observed (see Fig. S2 ). In addition, it can be seen from the inset of Fig.  1 that the electronic structure around Cu atoms is remarkably similar in both CuO and NKNC, but different between Cu 2 O and NKNC, possibly because a broad shoulder (denoted as P) can be observed in both CuO and NKNC samples, rather than in the monovalent Cu compounds (i.e., Cu 2 O).
Figure 2(a) shows the O K-edge XANES spectra of NKN and NKNC samples. Four characteristic peaks (marked by A1-D1) associated with the transition from the O 1s core states to the unoccupied O 2p states can be identified. According to the literature, 33 ,34 the strong peaks A1 and C1 observed in the NKN sample are attributed to the hybridization between the Nb 4d state and the O 2p state. By comparison, B1 and D1 peaks are extremely weak because of the ionic K/Na-O bond. As a result, the polarization contribution of A-site ions should be extremely low, and consequently, the A-site displacement can be neglected in the present study. It is of importance to note that the intensity of A1 and C1 peaks shows an obvious increase after CuO doping compared with the intensity of B1 and D1 peaks, possibly because Cu 2þ should preferentially occupy the octahedrally coordinated Nb site as an acceptor dopant rather than the Na/K site. Figure  2 (b) presents the Nb K-edge XANES of the NKN and NKNC samples in comparison with the Cu K-edge XANES of the NKNC sample. There exist obvious differences in main peaks at the white line between the Nb K-edge and the Cu K-edge due to the different d-final states between them. In addition, a weak post-edge peak denoted as L at $9010 eV can be observed in the Cu K-edge spectrum for the NKNC sample but is absent in Nb K-edge spectra for both NKN and NKNC samples. This result should be due to the removal of the oxygen in the nearest neighboring around the Cu atom in NKNC, i.e., the formation of V O € around the absorption Cu atom, rather than the different atomic-like final states, since the feature L is also absent in the Cu Kedge spectra of CuO and Cu 2 O as shown in Fig. 1 .
The FT magnitudes of the k 3 weighted Nb K-edge and Cu Kedge EXAFS are shown in Fig. 3(a) . The magnitude of FT peaks is correlated with the coordination number around the absorption atoms and the Debye-Waller factor, while the position of FT peaks depends on the interatomic distance. It can be seen that no obvious local structure change occurs around the Nb atoms after CuO doping. The preferred site occupation of Cu atoms can be also determined. Suppose that Cu atoms enter the A site, the first main peak in the Cu K-edge EXAFS spectrum should be expected to lie roughly at 2 Å (no phase correction) 34, 35 due to the twelve nearest oxygen in the O 12 cage, in which each oxygen atom should be at the center of the face diagonal. However, the first main peak in the Cu K-edge EXAFS spectrum is found to be located at $1.5 Å (no phase correction), confirming that Cu atoms occupy the B-site similar to that of Nb atoms. This should be attributed to their similar radii [coordination number (CN) ¼ 6, R Cu ¼ 0.73 Å , R Nb ¼ 0.64 Å ]. 36 It is noteworthy that only a single peak appears in the R range of 1-2 Å for the Cu K-edge spectrum. This is different from the double-peak structure in Nb K-edge spectra, possibly because of the existence of V O € around Cu atoms. In addition, it can be found that the FT magnitude data for Cu K-edge EXAFS spectrum are dominated by the first oxygen and second alkali coordination shells, while only small contributions in high R space (>3 Å ) can be observed. This is different from the Nb K-edge EXAFS spectra, indicating that the long-range ordering of Cu atoms is absent in the NKN matrix. Figures 3(b) and 3(c) show the fits in the first coordination corresponding to the nearest oxygen neighbors. The experimental EXAFS oscillations and filtered EXAFS spectra are in good agreement with the fitted spectra except for the EXAFS oscillations in the R range lower than 1 Å , which is affected by the background subtraction procedure and thus not considered in the fitting process. The fitting results and the corresponding parameters are listed in Table S2 . Table S2 . Compared with the Nb atoms, the Cu defect center is found to move away from the oxygen at O21 and O1 sites, meaning that the relative displacement of the Cu atom with respect to the nearest oxygen neighbors at O21 and O1 sites decreases. 7, 37 The atomic position relaxation favors the Cu atom to decouple the bond with oxygen but tends to form defect dipoles due to the electrostatic Coulomb interaction. In addition, a distinct V O €relaxation is also observed as it moves far away from the Cu atom. This should be because of a relatively small electrostatic Coulomb interaction between Cu atoms and oxygen vacancies, compared with the interaction between Nb atoms and oxygen atoms. 26 The result shows good agreement with the density functional theory (DFT) calculations, 8, 11 in which V O € was found to repel the nearest dopant atoms. On the other hand, the fitted coordination number and oxygen vacancy site suggested that these oxygen vacancies tend to form trimeric bent V O €-Cu Nb -V O €defect complex is bent and thus cannot form the Cu-O-Cu chain. As a result, the antipolar domains that were observed in PT 38 may not be detected in the present study. The defect structure in NKNC is also found to be different from the Cu Nb 00 0
12,39 The latter might be due to the low dopant concentration and low measuring temperatures.
It can be seen from Fig. 4 that the Nb atom in both NKN and NKNC shows an obvious off-center shift along the diagonal of the ac plane, corresponding to the P s along the [101] direction. Polarization switching will occur only if the energy barrier between different P s directions can be overcome. As bent V O €-Cu Nb 00 0 -V O €defect complexes are present, the energy barriers between P s directions will become nonequivalent because the removal of the oxygen at O22 sites breaks the perfect orthorhombic symmetry. On the one hand, the P D between two adjacent Cu Nb 00 0 -V O €defect dipoles is parallel to the P s [ Fig. 4(c) ], so their interactions tend to stabilize the ferroelectric polarization along the direction parallel to the orientation of the defect dipole. That is to say, the polarization along the [101] direction becomes more stable than along other h101i directions, and the energy barrier between [101] and other h101i directions thus increases. On the other hand, the theoretical calculation proposed that the rotation of the defect dipole should be much more difficult than the polarization switching since the former involved the migration of oxygen within the lattice.
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This means that the defect dipole tends to remain in its original direction during polarization switching. Once the polarization switching occurs, the orientation of P s is not collinear with the direction of P D but shows obvious included angles [/(P s , P D ) % 60 , 90 , 120 , and 180 ], depending on the initial directions of P s and P D with respect to the direction of the external electric field. This process would accompany an increase in the electrostatic energy and the elastic energy. These increased energy barriers would be responsible for the obvious hardening effect in NKNC (see Fig. S3 and Table S3 ). -V O € should not be ruled out, because both the processing condition and the dopant concentration significantly affect the site occupation and the defect structure. 12, 26 However, in the case of the Cu Nb 00 0 -V O €defect complex, P D should be along one of the h001i directions rather than h101i directions, leading to the increase in the electrostatic energy. As a result, the coupling between P s and P D should be relatively weak, compared to the case in the bent V O €-Cu Nb 12 By comparison, it can be seen that an obvious hardening effect with large Q m as high as 1500 can be observed in the present study (See Table  S3 ). Lin et al. proposed that the hardening effect is remarkable only when the Cu concentration was beyond 0.5 mol. %. 40 These results further indicate that the Cu dopant content, oxygen vacancy concentration, and defect structure should be closely correlated. A detailed defect structure as a function of Cu 2þ concentration needs to be constructed in future by means of x-ray absorption spectroscopy.
In summary, a detailed study on the local structure of NKN and NKNC lead-free ceramics was performed by means of x-ray absorption spectra. This study reveals that only divalent Cu ions exist and enter the octahedrally coordinated Nb site, resulting in the formation of V O €. In particular, these oxygen vacancies are identified to lie at two O22 sites in the nearest oxygen neighboring around Cu ions. It is believed that trimeric bent V O €-Cu Nb 000 -V O € defect complexes are formed in the current study, instead of dimeric Cu Nb 000 -V O €or straight V O €-Cu Nb 000 -V O €defect complexes. This kind of special defect structure is also different from that observed in conventional Pb-based perovskite compositions. An obvious ferroelectric hardening effect in NKNC was well interpreted in terms of the energy barrier between different P s and the elastic and electrostatic energy owing to the coupling between P s and P D .
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